First-principles calculations are performed to study the interaction of gold nanocluster Au 55 with small molecules CO and O 2 . We find that the adsorption energy of CO on Au 55 is among 0.5-0.7 eV at different sites and ͓CO+ O 2 ͔ can be coadsorbed on Au 55 . Comparisons between Au 55 and Au 32 show that the adsorption energy not only depends on the size of the cluster but also on the geometry of the cluster. Similar with smaller cluster ͑Au 8 and Au 32 ͒, the energy difference between ͓CO+ O 2 ͔ and ͓CO 2 +O͔ on Au 55 is much larger than that in the free gas. Our calculations indicate that the nanocluster Au 55 can enhance the reaction process, CO+ O 2 → CO 2 + O, in which the reaction barrier is only about half electron volts.
I. INTRODUCTION
The properties of nanoscale material are usually very different from those of the corresponding bulk material. One typical example is catalytic property of nanosize gold particles. Gold had been known as one of the least reactive metals in the bulk phase and hence has been regarded as relatively less important in catalysis for long time. 1 Since the pioneering work of Haruta et al., 2, 3 many investigations [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] showed that many nanogold systems and nanogold dispersed as fine nanoparticles on metal oxide surfaces facilitate a wide range of oxidation reactions, such as the CO and NO oxidations. The mechanism of the oxidation reaction catalyzed by nanogold attracts much research interests. For gaining fundamental insights into the CO oxidation on nanogold, intensive studies had been devoted to chemical properties of small gold clusters. Calculations of CO adsorption on Au n ͑n =2-6͒ and O 2 adsorption on Au n ͑n =2-8͒ showed a size-dependent reactivity of gold cluster. [16] [17] [18] Both experimental and theoretical studies on Au 2 − ions revealed the detailed reaction mechanism of the catalytic gas phase oxidation of CO, and a key metastable intermediate with a mass of Au 2 CO 3 − was observed. 19 An investigation of Au 10 cluster which mimics the shape of a flat nanoparticle showed that low coordinations are the key factors of catalytic properties. 20 The activity of the tetrahedral Au 20 cluster was well studied, and its effects of charging and impurity had been revealed. 21 Calculations of two different structures of Au 32 showed that the cagelike Au 32 has a higher chemical inertness than the amorphous Au 32 with respect to the interaction with small molecules CO and O 2 . 22 Furthermore, the charge effect of cluster and coadsorption of ͓CO+ O 2 ͔ on clusters also obtained detailed investigations. [23] [24] [25] [26] [27] Cooperative adsorption of CO and O 2 on small gold clusters was also found experimentally. 26, 27 It is worth to mention that recent studies show that coadsorption of O 2 and C 2 H 4 on small gold clusters can also occur, 28, 29 which is important to understanding the mechanism of catalytic oxidation. However, most of clusters which are used to study the interactions of the clusters with CO and O 2 have the number of atoms no more than 32. Since the most reactive nanoparticles are found in the 2-4 nm range in CO oxidation, studies on larger cluster are certainly necessary and important to understand the CO oxidation. Recently, the structure of medium-sized clusters 55-64 atoms ͑1.1-1.3 nm in diameter͒ had been investigated. [30] [31] [32] [33] [34] [35] [36] These clusters with diameter larger than 1 nm belong to a critical size regime connecting small gold clusters to gold nanoparticles. For a fundamental understanding of gold nanocluster catalysis property, in this paper we choose Au 55 as an example to investigate interaction of nanocluster with CO and O 2 .
II. THEORETICAL METHODS
The present calculations are based on the density functional theory 37, 38 and plane-wave basis set 39, 40 with generalized gradient approximation, 41, 42 which are implemented in the VASP code. 43 Since PW91 appears to describe the adsorption of O 2 on some transition metals more accurately, 44, 45 and PW91 was used in many previous studies of interaction CO and O 2 with gold, 22, 23, [45] [46] [47] in the present study we take PW91 for the exchange-correlation potentials. The interaction between core and valence electrons is described with the projector augmented wave potential. 48, 49 The structures of the clusters and the corresponding complexes are optimized by the conjugate gradient method. 50 A simple cubic supercell with a lattice constant of 20, 25, and 30 Å is adopted for Au 8 , Au 32 , and Au 55 , respectively, which is large enough to neglect the interaction between the cluster and its periodic images. Due to the large super cell, only ⌫ point in the Brillouin zone is used for K-space sampling. The structures of clusters are first optimized in coincidence with the previous theoretical studies, 30 
III. RESULTS
Both previous calculations and experiments show that nanocluster Au 55 possesses an amorphouslike structure. [32] [33] [34] [35] It is shown that the cluster Au 55 has a nonicosahedral disordered structure with strong surface contractions analogous to bulk surface reconstructions, which can be seen in Fig. 1 . In the surface of the optimized Au 55 structure, some atoms are five-coordinated and the others are six-coordinated. In addition, the square defect can easily be recognized at the surface of Au 55 structure.
In order to investigate the adsorption property of CO on Au 55 cluster, the structure of Au 55 -CO complexes are optimized. Due to the complicate surface of Au 55 , five typical adsorption sites are selected to study the behavior CO on Au 55 cluster. The structures of these complexes are shown in Fig. 1 and the corresponding adsorption energies are listed in Table I . Figures 1͑a͒ and 1͑b͒ show the structure in which CO is absorbed on the top of five-and six-coordinated sites. The CO adsorption energies are 0.71 and 0.50 eV for fivesite and six-coordinated sites, respectively. It indicates that CO on Au 55 is more favorable on the lower five-coordinate site, which is similar with CO absorbed on Au 32 cluster. 22 Figure 1͑c͒ shows the structure which CO is absorbed on the top of five-coordinated site near the square defect. The adsorption energy is 0.52 eV for defect site which is 0.19 eV lower than that of five-coordinate site within no defect area. It is shown that not only the coordinate but the defect also affects the adsorption energy. Besides adsorption on top site, the adsorption on the triangle center site of the surface and bridge site on Au 55 can also be calculated. Figure 1͑d͒ shows the structure which CO is absorbed on triangle center site. Figure 1͑e͒ shows the structure in which CO is absorbed on bridge site of two atoms of the square defect. The adsorption energy of CO on triangle site and bridge site are 0.70 and 0.67 eV.
The above results show that CO can be absorbed on Au 55 with significant adsorption energy. Meanwhile, the adsorption energies are among 1.0-1.1 eV for amorphous metastable Au 32 , 22 and the adsorption energies are 0.84 and 0.40 eV for five-and six-coordinate sites on high symmetry cagelike Au 32 , respectively. These data suggest that the CO adsorption energies are strongly size-dependent. Furthermore, CO adsorption energy on the six-coordinate of amorphous Au 55 ͑0.50 eV͒ is even larger than that of smaller cagelike stable Au 32 ͑0.40 eV͒, which indicates that the amorphous structure plays an important role for the enhancement of the reactivity of Au 55 .
Next, we discuss the structural properties of these Au 55 -CO complexes. It is found that the structure of Au 55 does not change too much after adsorbing CO. For structures of CO absorbed on top of the Au 55 , all the CO bonds in above three structures increase to 1.15 Å, and the Au-C bonds are 1.98, 2.00, and 2.02 Å, in comparison of the bond length 1.14 Å of free CO. In the last two complexes as shown in Fig. 1 , CO is bound by three or two gold atoms simultaneously, and the C-O bond increases to 1.18 Å. Previous study showed that CO bonds on Au 32 were stretched to 1.15 Å which is equal to the CO − bond, accompanying charge transfer from gold atom to CO. In the view of the Dewar-Chatt-Duncanson mode, 52 the bonding of Au-C involves the charge transfer from the Au to the antibonding ‫ء‬ orbit of CO ͑donation͒ and backdonation to the Au from the CO bonding orbit. The occupied-antibonding ‫ء‬ orbit of CO results to the elongation of C-O bond length. Similar to the case of Au 32 , the bond of CO on Au 55 is also stretched. This suggests that the charge should be transferred from gold atom to CO resulting chemical adsorption.
The charge density distribution can qualitatively reveal the charge transfer from Au 55 to CO. We plot charge distribution of highest occupied state ͓highest occupied molecular orbital ͑HOMO͔͒ of three Au 55 -CO systems in Fig. 2 . Fig. 3͑a͒ , an O 2 molecular is added on an adjacent sixcoordinate site near CO. In this complex, the adsorption energy of ͓CO+ O 2 ͔ is 0.83 eV. Compared to the sum of the adsorption energy of O 2 and CO, 0.58 eV ͑0.50 eV + 0.08 eV͒ ͑Tables I and II͒, the increase of the adsorption energy for the coadsorption of ͓CO+ O 2 ͔ amounts to 0.25 eV so the presence of a preadsorbed CO on the neighboring Au atom notably enhances the binding of O 2 to the Au 55 . In the case of coadsorption of ͓CO+ O 2 ͔ involving strong-binding sites, the O 2 is bonded much closer to the cluster, we still find that coadsorption can lead to an energy gain more than 0.1 eV. The enhancement effect also exists, when the O 2 is added on the site far from the site that CO absorbed on. These results indicate that coadsorption can clearly enhance the binding for ͓CO+ O 2 ͔ on the Au cluster. The possible reason could be due to the charged Au cluster arising from a partial charge transfer to preadsorbed CO.
Two reaction mechanisms 45, [53] [54] [55] [56] for the CO oxidation on nanogold are known: ͑1͒ the Langmuir-Hinshelwood ͑LH͒ mechanism, in which the coadsorbed CO and O 2 molecules react to form a peroxo-type complex intermediate, i.e., CO +O 2 → CO 2 + O, and ͑2͒ the Eley-Rideal ͑ER͒ mechanism, in which the gas phase CO molecules directly react with activated O 2 , i.e., CO+ O → CO 2 . For the ER mechanism, the presence of the atomic O is a necessary condition. The very small adsorption energy of O 2 indicates that atomic O cannot be provided by direct dissociation of O 2 . The ER process only can occur after LH process so the LH mechanism becomes critical for CO oxidation on Au 55 and product ͓CO 2 +O͔ in LH mechanism process for free gas, and it is found the total energy of the later is only slightly lower than the former by 0.09 eV. Then, we compare the total energy of corresponding complex structure of Au 55 -C-O. The total energy of ͓CO 2 +O͔ at Au 55 ͓see Fig.  3͑b͔͒ is lower than that of complex ͓CO+ O 2 ͔ at Au 55 structure ͓Fig. 3͑a͔͒ by 2.50 eV. The presence of Au 55 brings new Au-C bond and Au-O bond, resulting in a larger difference of total energy between ͓CO 2 +O͔ at Au 55 and ͓CO +O 2 ͔ at Au 55 . Such energy difference is significantly larger than that of free gas phase, which indicates that the CO +O 2 is more easy to convert into CO 2 + O on cluster Au 55 , i.e., the gold cluster makes the LH mechanism more favorable. Obviously, the LH process on the Au 55 surface is exothermic. Then, we compare the total energies of ͓CO+ O͔ and CO 2 both on the cluster and in the free gas phase. The total energy of the later is lower than the former by 6.72 eV. However, the total energy of ͓CO+ O͔ at Au 55 ͓see Fig.  3͑d͔͒ is only lower than that of complex ͓CO 2 ͔ at Au 55 structure ͓Fig. 3͑c͔͒ by 3.08 eV. It suggests that the ͓CO +O͔ can be converted into CO 2 on Au 55 with ER mechanism. However, the energy difference for ͓CO+ O͔, ͓CO 2 ͔ on Au 55 is smaller than that in the gas phase. So comparable to the gas phase, one can find that the ER process is weakened by Au 55 .
For comparisons of Au 55 with smaller cluster, we study some Au 8 Table IV . It is shown that the ͓CO+ O 2 ͔ can also be absorbed on Au 8 and Au 32 . The cluster Au 8 has lower coordinate, resulting in a relatively larger adsorption energy 1.02 ͑1.23͒ eV than that of Au 55 . In addition, we can see in Figs. 4͑a͒ and 4͑d͒ that the adsorption of CO or O can induce structure transition of Au 8 . This had been also observed and discussed by previous work. 29, 57 The structure of Au 32 with high symmetry has a perfect surface, resulting in relatively smaller adsorption energy of 0.30 eV. Examination of total energy of Au-C-O complexes is preformed. It is found that Au 8 and Au 32 also make the ͓CO 2 +O͔ more stable, which indicates that these clusters make the LH process of CO oxidation easier. The energy difference of ͓CO+ O 2 ͔ at Au 8 and ͓CO 2 +O͔ at Au 8 is 1.43 ͑1.75͒ eV. The energy difference of ͓CO+ O 2 ͔ at Au 32 and ͓CO 2 +O͔ at Au 32 is 2.64 eV. From the above discussion, the Au 8 , Au 32 , and Au 55 have similar effect for CO oxidation. All these structures can coabsorb the ͓CO+ O 2 ͔, and make the LH process much easier Finally, kinetic factors are also important to understand the process of the CO oxidation. 58 We use the nudged elastic band ͑NEB͒ method to compute the reaction barrier of LH process on Au 55 32 , respectively. The structures of the adsorbates on the clusters at transition states are shown in Fig. 5 , and the corresponding structural parameters are listed in Table V 60 The reaction barrier of LH process of this crown cluster is 0.61 eV, which is slightly higher than that of amorphous Au 55 with same size.
IV. CONCLUSION
In conclusion, we have carried out the first-principles calculations to investigate the interactions of nanocluster Au 55 with CO and O 2 . We find that CO can be adsorbed on Au 55 at different sites, but the adsorption energy of O 2 is very small. However, CO and O 2 can be coadsorbed on Au 55 . Moreover, it is also found that the adsorption properties of gold cluster are not only sensitive to the size of cluster but are also dependent on the cluster geometry. Although both the LH and ER processes for the CO oxidation are possible on Au 55 , the cluster Au 55 can make LH͑CO 2 +O 2 → CO 2 +O͒ process more favorable from view of thermodynamic driving. Since the adsorption of O 2 on Au 55 is weak, the ER processes can only start after LH process. Finally, we have searched the minimum-energy pathway for the LH process on Au 55 .
In the present work, we have investigated the interaction of CO and O 2 molecules with nanocluster Au 55 . However, some interesting problems are beyond the scope of the present work, such as electronic interaction of the gold nanocluster with the support. We wish the present study can shield light for the understanding more complex reactions in gold clusters, such as alcohol oxidation, selective epoxidation, etc., and contribute to comprehensive understanding of unusual catalytic properties of nanogold. 
